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Thin polymer films have striking dynamical properties that differ from their bulk counterparts.
With the simple geometry of a stepped polymer film on a substrate, we probe mobility above and
below the glass transition temperature Tg. Above Tg the entire film flows, while below Tg only
the near surface region responds to the excess interfacial energy. An analytical thin film model for
flow limited to the free surface region shows excellent agreement with sub-Tg data. The system
transitions from whole film flow to surface localized flow over a narrow temperature region near the
bulk Tg. The experiments and model provide a measure of surface mobility in a sample geometry
where confinement and substrate effects are negligible. This fine control of the glassy rheology is of
key interest to nanolithography among numerous other applications.
The last decades have seen a significant interest in the
dynamical and rheological properties of glassy materi-
als [1, 2]. Recent efforts [1, 3–5] have focussed on eluci-
dating the nature of glassy dynamics both in the bulk,
and in systems such as thin films or colloids where the
interfaces play a dominant role and can induce strong
dynamical heterogeneities. Higher mobility near inter-
faces has often been suggested as the cause of anomalous
glass transition temperatures in thin polymer films [3–
5]. The presence of a more mobile surface has practical
implications for thin film coatings related to lubrication,
wear, and friction. Flow on a near surface layer can also
place strict lower limits on feasible length scales for nano-
lithography [6–8]. While earlier investigations provided
some contradictory conclusions [9, 10], most recent re-
ports are consistent with a region of enhanced mobility on
the surface of glassy polymer films. There have also been
reports of enhanced surface mobility in small molecule
glasses [11, 12]. The parallels between polymeric and
small molecule glasses suggest that enhanced surface mo-
bility is a more general property of glass-forming mate-
rials. Most current research efforts have a goal of pro-
viding a quantitative description, including the temper-
ature dependence, of the properties of the near surface
region. Surface response to nanoparticle embedding has
been used to probe anomalous surface dynamics in both
polymeric and small molecule glasses [13–17]. That work
showed that small molecules can flow on the surface,
while larger polymers have enhanced segmental mobil-
ity, but do not flow owing to their larger molecular size.
Relaxation of an imposed surface topography has been
used to demonstrate enhanced mobility in polymeric [18–
21] and small molecule systems [11]. For small molecule
glasses, the enhanced surface mobility is often discussed
in terms of surface diffusion [22], where the molecules
at the free surface have a diffusion time that can be or-
ders of magnitude smaller than the bulk value [11, 12].
For polymers, the most complete description comes from
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FIG. 1: Fig. 1. Schematic diagram of the sample geometry
and flow regions. (A) An as-prepared sample at room tem-
perature. (B and C) The two flow mechanisms discussed in
the paper. (C) describes the evolution of the total height pro-
file h(x, t) through whole film flow (TFE, see Eq. (1)), while
(B) shows the evolution of the total height profile through
flow localized in a small region near the free surface (GTFE,
see Eq. (2)). The flow region is indicated in blue and is as-
sumed to vanish far below the glass transition temperature
Tg.
studies of low molecular weight polystyrene [23].
The use of capillary leveling as a probe of rheology on
the nanometer scale [24–26] has been successfully used to
study polymer rheology for films at temperatures much
greater than the Tg value of the polymer. Stepped films
were annealed, and a decrease in the surface area was
monitored to probe dissipation of the system’s free en-
ergy, with a complete quantification of the rheological
properties [24–26]. The low molecular weight films con-
sidered here are sufficiently thin so that gravitational ef-
fects can be ignored, yet thick enough so that van der
Waals interactions resulting in a disjoining pressure can
be neglected. Gradients in the curvature of the free sur-
face result in Laplace pressure gradients which drive vis-
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2cous flows. When the height gradients are sufficiently
small, and the typical height of the profile is sufficiently
smaller than its typical width, the flow can be described
by the Stokes equations in the lubrication approximation.
For homogenous viscous films, the evolution of the pro-
file h(x, t) is described by the capillary-driven thin film
equation (TFE) [27]:
∂th+
γ
3ηb
∂x(h
3∂ 3x h) = 0 , (1)
where ηb is the bulk viscosity, γ is the surface tension, x is
the horizontal coordinate, and t the time. The TFE can
be solved numerically for a stepped initial profile [25] and
the solution has been shown to converge in time towards
a self-similar profile in the variable xt−1/4.
For the case of films with T < Tg, the majority of
the film is unable to flow. Since previous studies have
shown an evolution of the free surface to minimize surface
area and energy in polymeric [18, 19] and non-polymeric
glasses [12, 17], there must be some flow localized over
a thin layer near the free surface. At a given temper-
ature, we will assume the thickness hm of this mobile
layer, with viscosity ηm, to be constant (see Fig. 1B). Of
course, the present two-layer model is an approximation
and one would expect a continuous variation from surface
to bulk dynamics through the sample [28]. However, this
simple description provides a first order approach with a
single free parameter, as shown below. Invoking Stokes
equations in the lubrication approximation for the sur-
face layer, and assuming no slip between the glassy and
surface layers and no shear at the free surface, leads to:
∂th+
γhm
3
3ηm
∂ 4x h = 0 , (2)
which we will refer to as the glassy thin film equation
(GTFE). It is mathematically identical to the linearized
TFE. The GTFE thus has an exact analytical solution
for a stepped initial profile [26] which is self-similar in
the variable xt−1/4. This solution can be used to extract
a single free parameter describing the flow: γh3m/(3ηm).
The form of Eq. (2) is mathematically identical to the
Mullins model [22] describing the evolution of profiles
by surface diffusion of molecules. However, for flow of
macromolecules where all the segments must move to-
gether, the GTFE interpretation in terms of surface flow
in a layer of size hm is more relevant than this collective
surface diffusion scenario. Figure 1 displays a schematic
diagram of the two flow regimes studied. The first is
for T > Tg with homogeneous viscosity (TFE), and the
second for T < Tg where there is only a thin layer of
mobile fluid atop an immobile glassy film (GTFE). The
self-similar nature of both Eqs. (1) and (2) implies that by
fitting their solutions to the experimental profiles one can
determine the physical quantities of the problem through
a single free parameter. This method of investigation can
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FIG. 2: Fig. 2. Temporal evolution of the width of stepped
films and temperature dependence of the effective viscosity.
(A) The temporal evolution of the width w (see Fig. 1C),
obtained by fitting the profile to a tanh(x/w) function, for
h1 = 90 nm, h2 = 42 nm, at temperatures near the bulk
Tg = 343 K. The solid lines have slope 1/4. (B) Effective
viscosities (see definition in text) normalized to the one at
T0 = Tg for a given geometry, for films with h1 = 90 nm and
h2 as indicated. Errors are comparable to the symbol size.
be carried out with films thick enough that chain confine-
ment and polymer-substrate effects can be ignored.
Films were prepared by spin-coating from a dilute so-
lution of polystyrene (PS) dissolved in toluene onto two
types of substrates: silicon (Si) with the native oxide
layer, and freshly cleaved mica substrates. The PS had
weight averaged molecular weight Mw = 3.0 kg.mol
−1,
and polydispersity index 1.09 (Polymer Source Inc.).
Samples were annealed at 348 K, which is 5 K above
bulk Tg, in an oven flushed with dry N2 for 12 hours.
Films with thickness h2 on mica substrates were floated
onto the surface of purified water in order to separate the
films from the mica. The previously coated Si substrates,
coated with PS of thickness h1, were then dipped into
the water and used to pick up the floating films. These
low molecular weight films are fragile when floating on
the water surface and break into smaller sections with
several straight vertical edges. Thus, when transferred,
these ‘float-gaps’ form perfect steps of height h2 over bot-
tom films of height h1 (see Fig. 1A). The dilatometric Tg
of independent, annealed flat films on Si was measured by
ellipsometry. For h ≥ 40 nm, we found Tg = 343± 2 K.
We first demonstrate that the stepped film samples do
level at temperatures much less than the bulk Tg. We
performed a simple width evolution experiment where
three types of stepped polymer films were prepared with
the same bottom layer thickness, h1 = 90 nm, and top
layer thicknesses of h2 = 14, 23, and 42 nm (see Fig. 1A).
The stepped films were collectively heated in a N2 filled
oven and removed after various annealing times for mea-
3surement at room temperature with atomic force mi-
croscopy (AFM, JPK Instruments). Scan lines were aver-
aged to produce a profile, and the width w (see Fig. 1C)
was obtained by fitting this profile to a tanh(x/w) func-
tion. Figure 2A shows the temporal evolution of w for
this series of stepped films at five different temperatures.
There is an increase with time of the width at temper-
atures as much as 30 K below the bulk Tg value. This
indicates enhanced mobility in the glassy film. Further-
more, as suggested by both Eqs. (1) and (2), the width
varies as w = (at)1/4 at all temperatures, where a is a
factor that depends a priori on temperature and initial
geometry. This 1/4 power law demonstrates the exis-
tence of a capillary-driven flow both above and below
Tg. By analogy with the scaling analysis of Stillwagon
and Larson [29], a simple determination of the effective
viscosity ηeff of the sample can be obtained by the verti-
cal offset between the lines in Fig. 2A, using ηeff ∝ a−1.
The effective viscosity corresponds to the viscosity of the
sample calculated as if flow occurs in the entire film,
within the lubrication approximation. For a given ge-
ometry, it is then possible to compare the ηeff values
obtained at all temperatures to one, η0, at a particular
reference temperature T0, in order to get a relative mea-
sure of the effective viscosity of the entire film. Setting
T0 = Tg, Fig. 2B shows the relative effective viscosity
ηeff/η0 = a0/a, for all film geometries. The solid line in
this plot is the Vogel-Fulcher-Tammann (VFT) law for
PS [30]. When T > Tg, the temperature dependence of
the effective viscosity agrees quantitatively with the bulk
VFT law. However, for T < Tg there is significant devi-
ation away from this line. There are two ways in which
this difference can be interpreted: either i) the entire film
flows with viscosity reduced below that predicted by the
VFT law (either because the viscosity is reduced from
the bulk one, or because the bulk viscosity deviates from
the VFT law for T < Tg), or ii) the assumption of whole
film flow is invalid.
In order to distinguish between these two scenarios, we
turn to a more quantitative investigation based on the
TFE and GTFE. Stepped polymer films with h1 = h2 =
90 nm were used. Typically, AFM images were collected
over a square region of size ∼ 3 µm×3 µm for glassy sam-
ples and up to ∼ 50 µm× 50 µm for melt samples. This
measurement was repeated until the shape of the profile
was self-similar in the variable xt−1/4 or, for cases of the
two temperatures in the transition region, until a sample
was heated for a total of 90 hours. All AFM measure-
ments were carried out at room temperature. For the
TFE (see Eq. (1)) and GTFE (see Eq. (2)), the long-
time solutions have been shown to be self-similar in the
variable xt−1/4 [24–26]. Therefore, if we plot the film
height h(x, t) as a function of xt−1/4 for several times,
the profiles should superimpose. Figures 3A and 3B show
a number of measured profiles over a large time win-
dow, both for temperatures below Tg (left) and above Tg
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FIG. 3: Fig. 3. Height profiles and fits below and above
Tg. In both the glassy (left, T = 333 K) and melt (right,
T = 353 K) cases, the top (A and B) show the temporal
evolutions of experimental profiles with h1 = h2 = 90 nm;
the centre (C and D) are the collapsed experimental profiles
(white squares) showing self-similar behaviour in the variable
xt−1/4; and the bottom (E and F) demonstrates the goodness
of fits of each collapsed profile to either the TFE numerical
solution or the GTFE analytical solution. In (C, D, E and
F), the blue solid line corresponds to the GTFE and the red
dashed line corresponds to the TFE.
(right). Figures 3C and 3D show that the profiles are in-
deed self-similar. While the data obeys this self-similarity
for T < Tg and T > Tg, there are important differences
between the two temperature regimes. In particular, the
shapes of the self-similar profiles are different. See for
example Figs. 3C and 3D, where one can see that above
Tg the magnitude of the bump (first top oscillation) is
larger than that of the dip (first bottom oscillation). Be-
low Tg, it is similarly evident that the bump and dip
extrema are equal in magnitude. To be more precise,
above Tg these features depend quantitatively on h1 and
h2, whereas below Tg the surface flows without sensitiv-
ity to the substrate for the considered thicknesses. In the
latter case, samples with same h2 but different h1 show
bumps and dips that are all equal in magnitude. This
simple qualitative feature of the profiles shows that it is
the surface alone that flows below Tg. Fits of the sub-Tg
profiles to solutions of both the TFE and GTFE quanti-
tatively highlight the differences. The left plots of Fig. 3
are for T < Tg. The blue solid line in Fig. 3C is a best
fit of the self-similar experimental profile to the GTFE
analytical solution [26]. The residuals of the fit are also
shown as a blue solid line in Fig. 3E. The red dashed line
in Fig. 3E corresponds to the fit of the sub-Tg data to
4the TFE numerical solution [25]. In the sub-Tg case, the
experimental profiles are thus much better described by
the GTFE than by the TFE, as the residuals are much
lower and do not exhibit the systematic variation seen
in the dashed residuals. Similarly, the experimental data
on the right side of Fig. 3 are for T > Tg and are much
better represented by the TFE than by the GTFE.
Since the TFE and GTFE correspond to different phys-
ical pictures, we can define a single metric, χ, for the
goodness of fit to each model. χ is used in order to char-
acterize the transition from where the system is best de-
scribed by whole film flow, to where it is best described
by surface flow over thickness hm. We define this quan-
tity by the correlation function:
χ =
∫
dx (hEXP − hTFE)2∫
dx (hGTFE − hTFE)2 , (3)
where hEXP is the self-similar experimental profile, hTFE
is the numerical solution [25] of the TFE, and hGTFE is
the analytical solution [26] of the GTFE. This function
equals 1 if the experimental data is exactly described by
the GTFE solution, and 0 if the experimental data is ex-
actly described by the TFE solution. Figure 4 shows the
temperature dependence of χ as well as the temperature
dependence of the thermal expansivity dhdT derived from
ellipsometry measurements for an independent flat 87 nm
thick film. This type of ellipsometry data is often used to
find the dilatometric Tg value in thin films [4], and in this
case gives rise to Tg = 343 ± 2 K. It is remarkable that
χ(T ) undergoes an abrupt transition at a temperature in-
distinguishable from the bulk Tg value. This means that
the system undergoes a sharp transition from bulk flow
to surface dominated flow as the temperature is lowered
through the bulk Tg value. The transition temperature
should be interpreted as the one below which most of the
film exhibits no flow on the 90 hours time scale.
Polystyrene is a model glass-forming material, and
through our measurements, we should be able to probe
other aspects of the glassy dynamics. In particular, while
the data shown in Fig. 4 is for profiles having reached a
steady-state value of χ or after 90 hours of annealing,
whichever occurs first, we can measure the time depen-
dence of the shape of the profile at temperatures near
the transition. For temperatures in this range, we might
expect to see evidence of the time dependent mechanical
properties of the glassy material. In particular, glass-
forming materials behave like elastic solids on short time
scales, and like viscous materials on much larger time
scales. We thus might expect that for short times the
system would behave like a glassy material, with flow
only occurring in the surface region and the profile well
described by the GTFE; and for long times the system
would be well characterized by flow of the entire film with
a profile well described by the TFE. The inset shows the
temporal evolution of χ for the particular 343 K and
348 K data, which lie in the transition region. For the
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FIG. 4: Fig. 4. Temperature dependence of the correla-
tion function and thermal expansivity. The correlation func-
tion χ(T ) defined in Eq. (3) is given by the green square
and black diamond symbols (left axis) for samples with h1 =
h2 = 90 nm. The thermal expansivity for an independent flat
87 nm sample is given by the purple triangles (right axis).
The black diamond symbols are χ(T ) for a single sample that
was held first for 90 hours at T < Tg, then measured and
heated to T > Tg until the self-similar profile was reached.
The inset shows the temporal evolution of χ for T = 343 K
and 348 K data that lie in the transition region (blue circles
are for T = 343 K, orange diamonds are for T = 348 K).
Error bars are indicated once for each subplot.
case of T = 343 K, the initial χ value is near 1, mean-
ing the system is initially dominated by flow localized
in a surface region. As the system evolves in time, this
correlation decreases, and the system becomes less well
described by the GTFE. The sample at T = 348 K shows
even more striking behaviour. In this case, one can see
that over a period of 3× 105 s the system goes from be-
ing well described by flow localized in the surface region
(χ ∼ 1), to being well described by flow in the entire
film (χ ∼ 0). In this transition region, because the shape
of the profile is changing from glass-like to fluid-like, the
profiles cannot be self-similar over a large time window.
The time dependences of χ at T = 343 and 348 K show
that the height profiles can be used to monitor the system
as it changes from glassy-like to liquid-like behaviour.
This also implies that we could probe in a single sample
more than one temperature, as long as we waited for the
profile to reach a self-similar state at each temperature.
The data shown with diamond symbols in Fig. 4 show
that a single sample, with a film thickness large enough
so that chain confinement and substrate effects can safely
be neglected, can exhibit a transition from bulk flow to
surface flow. This thickness range can also be used for
molecular glasses where other experiments requiring thin-
ner films would not be appropriate, because dewetting is
too rapid above Tg.
The numerical fits to the data can be used to extract
meaningful physical parameters. In both the TFE and
5GTFE cases, there is a single free horizontal stretching
parameter that determines the fit of the self-similar ex-
perimental profile to the dimensionless theoretical solu-
tion. Knowing the tabulated [31] surface tension γ, the
GTFE fitting parameter (see Eq. (2)) gives the surface
mobility h3m/(3ηm), and the TFE fitting parameter (see
Eq. (1)) gives the bulk viscosity ηb. As a more direct
comparison, we plot the GTFE mobility h3m/(3ηm) and
the average TFE mobility (h1 +
h2
2 )
3/(3ηb) on the sin-
gle composite plot of Fig. 5. The result is consistent
with that of Yang et al. [23] but with two differences
in the methodology: we use films that are thick enough
to prevent chain confinement and substrate effects, and
we have the possibility of using a single sample to obtain
the entire curve. The solid line is obtained from using
the bulk VFT law for PS of the same Mw [30]. The
agreement we obtain for T > Tg (left side of Fig. 5) is
consistent with the previous success of the stepped film
technique in polymer melts [24]. Of more importance
for the present work is the sub-Tg mobility (right side of
Fig. 5), for which we observe a strong deviation from the
bulk VFT law. In this temperature range, the single fit
parameter h3m/(3ηm) combines the two relevant physical
quantities of the mobile surface layer: its size and viscos-
ity. Using reasonable constraints we now estimate each
parameter individually. In order for any flow to occur,
the size of the surface region has to be large enough so
that the polymer molecules fit into it. Molecules larger
than the surface region size will have segments in the
glassy region, and will thus be unable to flow. For PS
with Mw = 3 kg.mol
−1, the root-mean-squared end-to-
end distance of the molecule satisfies 〈REE〉RMS ∼ 3 nm,
and we can use this as a first estimate for the surface re-
gion size that is similar to the one of Refs. [32, 33]. This
length scale coupled with the data in Fig. 5 suggests a
surface viscosity of ηm ∼ 2×108 Pa · s at 323 K. We note
that we used only an estimate for hm and the subsequent
estimated value of ηm is very sensitive to this chosen
thickness. In particular, the constraint hm > 〈REE〉RMS
may be too strong, as this is an average of the molecular
size, and it is only necessary that there is a significant
fraction of the molecules that have all segments in the
surface region in order to have surface flow. Alterna-
tively, if we used the value of hm ∼ 1 nm suggested as a
lower limit in ref [17], we would predict a surface viscos-
ity of 7.7× 106 Pa · s at 323 K, which is 20 K below Tg.
This surface viscosity is more than 3 orders of magnitude
lower than the bulk viscosity at Tg. Finally, the observed
linear trend (in log-lin scale) of Fig. 5 below Tg allows us
to infer an Arrhenius behaviour of the surface mobility
below Tg, with activation energy Ea ≈ 337±20 kJ.mol−1
in agreement with existing literature [18, 20, 23].
In conclusion, by employing the stepped film geometry
and analysing the resulting flow, we report quantitative
evidence for the existence of a thin layer of liquid-like ma-
terial at the free surface of glassy, low molecular weight
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FIG. 5: Fig. 5. Temperature dependence of the mobility.
This figure is made of two subplots representing h1 = h2 =
90 nm samples. The mobility H3/(3η) is determined by a
fit to either the analytical GTFE solution (blue circles) or
the numerical TFE solution (red squares), with η and H as
defined in the legend.
polystyrene films. The sample thicknesses and prepara-
tion are such that annealing effects, chain confinement,
and substrate effects can be neglected. The transition
from whole film flow to flow localized in a thin surface
layer has been measured and observed to occur sharply
at the bulk Tg value. For temperatures inside the tran-
sition region, we were able to measure time dependent
evolutions from glassy to liquid behaviour. This tech-
nique provides an opportunity to accurately follow the
transition from surface flow to bulk flow within a single
sample. Below Tg, a fit to the measured profile gives a
surface mobility parameter h3m/(3ηm) that can be used
to estimate a surface viscosity. In particular, we obtain
ηm ∼ 108 Pa · s at 20 K below Tg. Independent determi-
nation of either the size hm(T ) of the surface region or its
viscosity ηm(T ) would allow a complete determination of
the temperature dependent properties of the near surface
region.
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INFLUENCE OF THE FILM THICKNESS
A sample configuration with {h1, h2} = {23, 90} nm
was also studied. The corresponding fits, at two dif-
ferent temperatures, are shown in Fig. S1. Below Tg
(T = Tg − 10 K), the profile is best fit to the GTFE
(see Eq. (2)) analytical solution. The GTFE dimension-
less profile (hth − h1)/h2, with the characteristic bump
and dip of equal size, is independent of h1 and h2 due to
the linearity of the GTFE. The mobility obtained from
this fit is within a factor of 3 of that for samples with
h1 = h2 = 90 nm at the same temperature (see Fig. 5).
The difference is comparable to the symbol size in Fig. 5
and indicates that the obtained surface mobility is inde-
pendent of h1, at this level of description. To sum up,
the film thickness does not control the shape of the profile
below Tg. In contrast, this statement is not valid above
Tg (T = Tg + 25 K). At this temperature, the profile
is best fit to the TFE (see Eq. (1)) numerical solution,
for which there is a clear asymmetry in the bump-to-dip
aspect ratio. This profile is qualitatively different from
the TFE fit reported in Fig. 3, for the h1 = h2 = 90 nm
geometry. The geometrical dependence of height profiles
above Tg is described in detail in [1].
VALIDITY OF THE LUBRICATION
APPROXIMATION
After a sufficient time height profiles will be smooth
enough so that the lubrication approximation is valid.
One can show [2, 3] that self-similarity is always reached
in a finite time for a random initial condition in the TFE
and linearised [7] TFE. Since the TFE and GTFE are
based on the lubrication approximation and their solu-
tions show long-term self-similarity in xt−1/4, this long-
term self-similarity is an indication of lubrication. There-
fore, the criterium we set for an experimental profile to
be considered is that self-similarity is reached. For this
reason, we only report profiles that have reached self-
similarity as shown in Figs. 3C and 3D. Below, we give
details on the two main ingredients of the lubrication
approximation used to obtain the thin film equations:
namely the small slope and small thickness assumptions.
Both the TFE (see Eq. (1)) and GTFE (see Eq. (2))
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FIG. S1: Profiles for stepped films with {h1, h2} = {23, 90}
nm. The shifted experimental profiles, h
(
xt−1/4
)
− h1, are
shown at two different temperatures T . The solid lines are the
fits to the corresponding theoretical profiles, hth
(
xt−1/4
)
−h1,
which are the GTFE analytical solution below Tg (top, see
Eq. (2)) and the TFE numerical solution above Tg (bottom,
see Eq. (1)), together with the corresponding residual plots.
The values of the correlation function, χ, introduced in the
article at Eq. (3) are also indicated.
assume that |dh/dx|  1. It is important to consider
whether the actual measured values of these parame-
ters justify the use of the TFE and GTFE. As shown
in Figs. 3A and 3B for T = 333 K and T = 353 K, the
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2worst case corresponds to sub-Tg experiments at early
times where one sees a typical width of ∼ 250 nm for a
typical height variation of ∼ 90 nm. This means a max-
imal slope of ∼ 0.35 which is less than 1. The natural
question is whether such a slope is sufficiently small in
comparison to 1 in order to assume validity of the mod-
els. While at small times, the condition may not be valid,
the fact that self-similarity is eventually reached is an in-
dication that the condition |dh/dx|  1 is fulfilled at
times long enough where we have the right time scaling.
In fact, the slope has to satisfy |dh/dx|  1 in order to
assume that the curvature in the Laplace pressure can be
approximated by:
κ = − h
′′
(1 + h′2)3/2
≈ −h′′ ,
as explicitly used in both the TFE and GTFE. However,
keeping the full non-linear expression of the curvature in
the equation above would modify the model. In partic-
ular, owing to the denominator in the square braces, it
is immediately seen that the key self-similarity used in
this article, h(x, t) = f
(
xt−1/4
)
, is no longer satisfied
in a large slope model. The situation would be similar
if one allowed a vertical velocity in the film: the self-
similarity would no longer be satisfied. Interestingly, a
similar discussion has been developed for contact line lu-
brication [5]. As one sees in this reference, the govern-
ing equation has to be modified by a nonconstant factor
F (θ) which prevents overall self-similarity (see Eq. (14)
therein).
The TFE and GTFE also require that the total film
thickness h is much less than the horizontal length scale
of the surface profile which scales typically like the width
of the step profile w (see Fig. 1). This criterion permits
the assumption that the perpendicular component of the
polymer flow is negligible or the flow is approximately
parallel to the substrate. Otherwise, the full hydrody-
namic equations would have to be used. For the data
shown in Fig. 2A, one has 〈h〉 = 90 + 42/2 = 111 nm.
Quite a few data points and certainly those taken at
314 K seem to violate the h  w requirement. First,
we note that in the glassy case, the limiting lubrication
criterium is the slope criterium |dh/dx|  1 since the
typical flow thickness to be considered is hm (which is
of the order of a few nanometers) rather than the total
height h. Secondly, as explained above, the self-similar
behaviour in w ∝ t1/4 is an indication that the lubri-
cation regime is reached even in the 314 K worst case
where |dh/dx| ∼ 1. Thirdly, one should note that Fig. 2
is obtained from the raw data and is not directly depen-
dent on a quantitative comparison with the TFE or the
GTFE. What is performed to produce Fig. 2B is rather
to assume a thin film literature-based scaling law of the
type: w ∝ (at)1/4 [6], where we assume a ∼ η−1eff as in
Stillwagon and Larson’s analysis. From this, we estimate
an effective viscosity ηeff and describe a deviation from
the bulk VTF law. It is this deviation that motivates
the remainder of the article and the development of the
GTFE. The effective viscosity of Fig. 2 is simply the vis-
cosity which would correspond to homogeneous bulk flow
in the lubrication approximation.
AFM AND RAW DATA TRACES
The goodness of fits (Figs. 3E and 3F) shows that the
differences between the TFE and GTFE fits are on the
order of 2 nm, which is much less than the step height.
It may be a point of concern that a main support for the
transition between the GTFE and TFE is based on seem-
ingly subtle differences in AFM traces. AFM is known to
have high resolution in the vertical direction but not as
high in the horizontal direction. A large slope |dh/dx| of
the profile may couple the poor horizontal resolution to
the vertical resolution through dh = |dh/dx|dx. We can
easily address this by considering the raw AFM traces
shown in Fig. S2. This figure shows a typical average of
a few tens of scan lines. The “trace” and “retrace” in
the region near the bump and the dip are shown (all
of the profiles in the article are similarly averages of
many scans). What is clear from this figure is that even
the small sub-nanometer details are quantitatively repro-
duced in terms of the actual height value (z) but also in
their location (x). Thus, the precision in x is more than
sufficient to provide the accuracy and resolution required
for these measurements. Finally, the transition between
the two mobility mechanisms is probed through the in-
tegrated quantity χ (see Eq. 3), which allows to average
out the remaining small errors.
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FIG. S2: Average of several tens of scan lines around the
dip (top) and bump (bottom), from raw AFM “trace” and
“retrace” scans.
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